Abstract:
Unsaturated permeability function is often estimated from soil-water characteristic curve (SWCC) of a soil. A complete SWCC measurement can improve the estimation of unsaturated permeability function. In most laboratories, SWCC can be measured up to 100 kPa suction using a Tempe cell. However, the complete measurement of SWCC is an expensive and time-consuming task. Therefore, this paper presents a new approach to estimate SWCC data points beyond 100 kPa suction in order to complement the measured SWCC up to 100 kPa suction. The new SWCC is then used to estimate the unsaturated permeability function. The proposed approach uses knowledge of grain-size distribution curve and the measured SWCC data at 100 kPa suction to estimate the SWCC data points beyond 100 kPa suction. In order to verify the proposed procedure, SWCC tests were conducted over a wide range of suctions for coarse kaolin and a triaxial permeameter system was used to directly measure the unsaturated permeability of the coarse kaolin. The proposed procedure is found to reduce the variation between unsaturated permeability functions estimated by various estimation models.
D r a f t

Introduction:
Unsaturated permeability function is often estimated from soil-water characteristic curve (SWCC) of a soil by various estimation models proposed up to date. The estimation procedure consists of best-fitting the measured SWCC data by a best-fit SWCC equation and integration of the best-fitted SWCC by means of an integration method (i.e., relative permeability equation). The variation between the estimated unsaturated permeability functions using different estimation models was investigated by Rahimi et al. (2015 Rahimi et al. ( , 2014 . It was shown that the measured SWCC data ranges were the most important parameter which caused the variation between all the estimated unsaturated permeability functions obtained from the various models. It was also shown that the complete measured SWCC could eliminate the variation between all the estimated unsaturated permeability functions. Kunze et al. (1968) has reported that a complete SWCC measurement may improve the estimation of unsaturated permeability function. The complete measurement of SWCC may not be practical due to the time and equipments required. However, in most laboratories, SWCC can be measured up to 100 kPa using a Tempe cell. Therefore, the objective of this study is to propose a new approach for estimating SWCC data points beyond 100 kPa to complement the measured SWCC up to the 100 kPa suction. The new SWCC is then used to estimate the unsaturated permeability function. The proposed approach uses the knowledge of grain-size distribution curve and the measured SWCC data at 100 kPa suction to estimate the SWCC data points beyond 100 kPa suction value.
A term Pedo-Transfer Function (PTF) has been used to describe SWCC estimation functions that relate basic soil properties to yield a soil property function (Bouma 1989; Wösten et al. 2001 ). The estimation algorithms for SWCC have been classified into four major approaches by Johari et al. (2006) : 1) in the first approach, the water contents at different matric suction D r a f t 3 values are estimated statistically (Gupta and Larson 1979; Saxton et al. 1986 ). The water contents and soil properties are then correlated at a selected suction value using regression analysis followed by a curve-fitting procedure, 2) in the second approach, regression analysis is used to correlate soil properties with the fitting parameters of an analytical equation representing the SWCC (Ahuja et al. 1985; Zapata 1999; Chin et al. 2010) , 3) in the third approach, the SWCC is estimated using a physics-based conceptual model (Arya and Paris 1981; Kovács 1981; Smettem and Gregory 1996; Fredlund 2002 ) that involves the conversion of a grain size distribution into a pore-size distribution, 4) in the fourth approach, artificial intelligence methods, such as neural networks, genetic programming and other machine learning methods (Pachepsky et al. 1996; Johari et al. 2006; Garg et al. 2014 ) that involve training the model with an existing database and using the model to estimate the SWCC of other soils, are used.
It should be noted that, although PTF can be used to estimate the SWCC of a soil, it still has limitations due to the underlying assumptions used in the method. Therefore, the estimated SWCC may not be the same as the measured one. The proposed procedure is similar to the third approach (a physics-based conceptual model) which involves the conversion of the grain size distribution into a pore-size distribution. However, the proposed procedure is independent of the soil database and is applicable for suctions beyond 100 kPa.
Methodology
A grain-size distribution curve (GSD) of a typical soil is shown in Figure 1 .
A random assembly of soil grains creates a specific pore-structure for any soil and the SWCC of a soil is greatly dependent on its pore-structure (Rahardjo et al. 2012; Sillers et al. 2001; Fredlund and Xing 1994) . One of the possible assemblies of a soil with an idealized dense D r a f t 4 packing condition (Jaafar and Likos 2011 ) is shown in Figure 1 and the pore space created by the soil grains can be seen in the figure. The radius of the pore can be computed using knowledge of the grain sizes creating that pore. The pore-structure of a soil is usually considered as a series of capillary tubes with various sizes (Fredlund and Rahardjo 1993) .
The pore size is related to the height of each capillary tube using the Young-Laplace equation which is equivalent to a suction value (Fredlund and Rahardjo 1993) . It is assumed that the pore will be emptied once the suction applied to the soil increases beyond its equivalent suction. Once the suction applied to the soil has increased beyond the suction equivalent to the largest pore size, the soil starts to desaturate.
In a soil with an idealized dense packing condition, for any grain size available in the grain size distribution curve, the assembly of three soil grains of the same size (see Figure 2) would create the largest possible pore size for this grain size and the smaller grain sizes. It should be noted that the assembly of a particular grain size with its smaller grains would result in smaller pore sizes. Therefore, the largest pore that is created by the assembly of three grains of the same size would be emptied at its equivalent suction as computed by the YoungLaplace equation. The smaller pores created by the assembly of that grain size with its smaller grain sizes would remain saturated at that suction. This means that, for any grain size, the percent finer, PF (%), could be related to the water content at the equivalent suction of that grain size. In other words, the water content for that grain size reflects that the smaller pores remain fully saturated at the equivalent suction. If the soil grains are assumed to have a spherical shape with an idealized dense packing condition similar to that shown in Figure 2 , the radius of the pore can be computed according to Equation 1, which is known as Descartes' theorem.
where ‫ܦ‬ is diameter of the grain and ܴ is radius of the pore created by three grains of the same size
The capillary height of the corresponding pore can be expressed in terms of the radius of that pore according to Equation 2 known as the Young-Laplace equation as follows:
where ℎ the capillary height (m), ܶ ௦ is the surface tension (N/m), ߩ ௪ is the water density 
where ߰ is the soil suction, (m). By using Equation 3, the x-axis of the grain size distribution curve (i.e., diameter) can be converted to equivalent suction (ψ).
The percent finer, PF (%), of that grain size could represent the percentage of smaller pores corresponding to that grain size. Therefore, the water content at any grain size can be computed according to Equation 4.
where ‫ܿݓ‬ is the water content of the soil for any computed suction from Equation 3 and ‫ܿݓ‬ ௌ௧ is the saturated water content of the soil. Therefore, the SWCC data point beyond suction of 100 kPa can be estimated using the actual measurement of SWCC at 100 kPa and the GSD by the following step by step procedure:
1-The diameter corresponding to a suction of 100 kPa is computed according to Equation 3 and is called D (100) 2-The percent finer (PF), corresponding to D (100) is determined from the GSD curve and multiplied by the saturated water content of the soil as a first estimation of water content, wc (100) , at 100 kPa 3-The first estimate of water content at 100 kPa, wc (100) , is scaled to the measured water content of the soil at 100 kPa, wc (m) , and the scaled factor is equal to ܵ = 5-The percent finer, PF, corresponding to D (Xn) smaller than D (100) is multiplied by the saturated water content of the soil as a first estimation of water content, wc (Xn) , at the computed suctions, ψ (Xn) 6-The first estimation of water content, wc (Xn) , at the computed suctions, ψ (Xn), is scaled by dividing it by the scaled factor, ܵ Figure 3 shows a schematic diagram of the proposed procedure.
Evaluation of the proposed method
The proposed method for estimating the SWCC data points in a higher suction range was evaluated using the soil database from the SoilVision (2006) database. SoilVision (2006) is a D r a f t 7 large soil database consisting of over 6000 soils that includes details of the grain size distribution, texture, bulk density, porosity, specific gravity, saturated volumetric water content, SWCC and saturated and unsaturated coefficients of permeability. As described earlier, knowledge of the grain size distribution (GSD) and soil-water characteristic curve (SWCC) are required for the estimation procedure. There are 879 soils in the SoilVision database that contain both SWCC and grain size distribution data. However, only 145 of these soils fulfil the following criteria for selection to be used in this study.
1-The SWCC measurements must be available from saturations to at least one suction point beyond 100 kPa.
2-The SWCC measurements must be available for suctions around 100 kPa (i.e., 90-110 kPa).
3-The GSD must be available for grain diameters (D (Xn) ) equivalent to ψ(Xn) beyond 100 kPa.
From the 145 soils in the SoilVision database which met the above criteria, forty (40) soils as shown in Table 1 were then randomly selected for use in the evaluation of the proposed method. The proposed method was applied to the selected soil database.
The measured SWCC data points versus the estimated SWCC data points are shown in Figure   4 . The variability of the estimated SWCC data points versus the measured SWCC data points was computed by calculating the coefficient of determination, R .
where
The 95% confidence interval of the observed errors, ൫ߠ ௪ − ߠ ௪ ൯, is shown in Figure 4 by dashed lines and it was found to be (-0.046, 0.083). Figure 5 shows the GSD and the measured and estimated SWCC data point for two soils, 10839 and 11537, from the selected database presented in Table 1 .
The soil numbers 10838 and 11537 are classified as clay and sandy loam according to USDA soil classification as indicated in SoilVision database. As shown in Figure 5b , the estimated SWCC data points had a good agreement with the measured SWCC data points for soil number 11537, while for soil 10839 the estimated SWCC data points underestimated the measured values (i.e., the estimated data points fell in the lower 95% confidence interval).
The underestimated SWCC data points of the soil number 10839 could be due to the high clay content (i.e., clay = 47.83 %) as shown in Table 1 . It has been stated by Fredlund et al. (2002) that the main limitation associated with using the PTF methods is related to the increase of fines content of the soil. It should be noted that the effect of soil fabric is not considered in this study and further research is required on how to take into account its effect.
The estimated SWCC data points in the high suction range can be used to complement the measured SWCC data up to the 100 kPa suction value. The best-fit SWCC equation can be used to best-fit the completed SWCC data points including the measured and estimated ones by minimizing the residual sum of squares (SSE). The best-fitted SWCC can then be integrated to estimate the unsaturated permeability function. It should be noted that the estimated SWCC data points might contain error from the actual SWCC measurements.
Therefore, only two data points beyond the suction value of 100 kPa should be selected to complement the actual measured SWCC data points of soil up to a suction of 100 kPa. If more than two estimated SWCC data points in the high suction range are selected, these estimated points tend to influence the best-fitting procedure; as they could reduce the accuracy of the best-fit SWCC to the actual SWCC data below 100 kPa.
Example soils from selected database to illustrate the application of the proposed procedure
Four different best-fit SWCC equations of Fredlund and Xing (1994) , Fredlund and Xing (1994) with C(߰)=1 as recommended by Rahardjo (1997a), van Genuchten (1980) and van Genuchten (1980) with m=1-1/n as described in details in Rahimi et al. (2015) were used to best-fit the: (a) the measured SWCC data up to a suction value of 100 kPa, (b) all the measured SWCC data points (i.e., available from the literature) and (c) combination of the measured SWCC data up to a suction value of 100 kPa and estimated SWCC data points by the proposed procedure. Selected estimation models (i.e., FMM, VMM, FCM C(ψ)=1 and VCM m=1-1/n) from the matrix of unsaturated permeability estimation models by Rahimi et al. (2015) were then used to estimate the unsaturated permeability functions of 11537 and 10838 soils and the results are shown in Figure 6 and Figure 7 , respectively.
D r a f t
As shown in Figure 6a , using only the measured SWCC data up to a suction value of 100 kPa resulted in best-fit SWCCs varying from each other resulting in a large variation in unsaturated permeability functions as shown in Figure 6b . When all the measured SWCC data points were used in best-fitting exercise, the best-fitted SWCCs were close to each other (see Figure 6c ) and consequently resulted in a smaller variation in unsaturated permeability functions (see Figure 6d ). In addition, using the combination of measured SWCC data up to a suction value of 100 kPa and estimated SWCC data points by the proposed procedure resulted in best-fit SWCCs that were close to each other (see Figure 6e ) and consequently resulted in a smaller variation unsaturated permeability functions (see Figure 6f) . Therefore, the estimated unsaturated permeability functions using the combination of measured SWCC data up to a suction value of 100 kPa and estimated SWCC data points by the proposed procedure were more or less the same as the estimated unsaturated permeability functions using all the measured SWCC data points. This characteristic shows that the proposed procedure could reasonably reduce the variation between unsaturated permeability functions estimated by the different models. The same characteristic was observed for soil number 10838 as shown in Figure 7 .
Verification against direct measurement of unsaturated permeability
SWCC and direct measurement of unsaturated permeability tests were performed on coarse kaolin, which was produced by Kaolin Malaysia SDN BHD (Malaysia). Soil specimens were prepared from reconstituted coarse kaolin to have homogeneous and uniform composition.
The grain-size distribution of the coarse kaolin is shown in Figure 8 .
The liquid and plastic limits of the coarse kaolin are 50.2% and 30.3%, respectively. The soil specimens for SWCC and permeability tests were prepared by static compaction (Ong 1999) D r a f t at the maximum dry density (ρ dmax ) of 1.4 Mg/m 3 and optimum water content (w opt ) of 23.9%.
The maximum dry density and optimum water content of the coarse kaolin were obtained from the standard Proctor compaction test (ASTM D698 1997). The coarse kaolin is classified as silt with high plasticity (MH) according to the unified soil classification system.
The specimens were prepared at a diameter of 50 mm and height of 30 mm. SWCC tests were performed using a Tempe pressure cell, 5-bar pressure plate, 15-bar pressure plate and saturated salt solutions in order to cover a wide suction range. A detailed explanation of all the test methods and procedures can be found in Rahimi (2015) . A triaxial apparatus similar to the triaxial apparatus for unsaturated soil testing described by Fredlund and Rahardjo (1993) was used to conduct the unsaturated permeability tests. The design of the triaxial apparatus used in this study was based on the modifications done by Goh et al. (2014) and a detailed tests procedure can be found in Samingan et al. (2003) . Figure 9a shows the measured SWCC data up to a suction value of 100 kPa and Figure 9c shows the full measured SWCC data. As shown in Figure 9a and 9b, the measured SWCC data were best-fit using the four SWCC equations described in Rahimi et al (2015) . By comparing Figure 9a and Figure 9c , it can be seen that the best-fit SWCCs obtained using the full measurement of SWCC data were similar over the entire suction range while the best-fit SWCCs obtained using only the measured data up to the suction value of 100 kPa had the same shape until a suction value of 100 kPa, beyond which they started to vary significantly. This is similar to the conclusion obtained for the soils from the database.
The estimated unsaturated permeability curves by FMM, VMM, FCM C(ψ)=1 and VCM m=1-1/n estimation models using the best-fit SWCCs for SWCC data up to 100 kPa along with the directly measured unsaturated permeability data of coarse kaolin are shown in Figure 9b . The estimated unsaturated permeability curves by FMM, VMM, D r a f t FCM C(ψ)=1 and VCM m=1-1/n estimation models using the best-fit SWCCs for the full measurement of SWCC data along with the directly measured unsaturated permeability data of coarse kaolin are shown in Figure 9d . By comparing Figure   9b and, Figure 9d , it can be seen that the variation between the estimated unsaturated permeability curves was quite small when the best-fit SWCCs using the full measurement of SWCC data were used as compared to that when only the best-fit SWCCs using measured SWCC data up to 100 kPa were used. Figure 9e shows the results of the best-fit SWCCs for the coarse kaolin using the measured SWCC data up to 100 kPa in combination with the estimated SWCC data points using the proposed procedure. The four best-fit SWCCs were quite close to each other as shown in Figure 9e as compared to that shown in Figure 9a , which only used the measured SWCC data up to 100 kPa. The estimated unsaturated permeability curves for the coarse kaolin using the best-fit SWCCs by the measured SWCC data up to 100 kPa in combination with the estimated SWCC data points are shown in Figure 9f . It can be seen from the figure that the variation between the estimated unsaturated permeability curves was significantly lower than that shown in Figure 9b , where only the measured SWCC data up to 100 kPa was used.
Conclusions
The estimated SWCC at a higher suction by the proposed procedure (using the grain size distribution and SWCC measured data of up to 100 kPa) successfully eliminated the variation in best-fit SWCCs and estimated unsaturated permeabilities due to the limited measured SWCC data. The proposed method also provided a good fit to the directly measured unsaturated permeability data. Therefore, this method can be used to eliminate the need for SWCC measurement over a wide suction range. 
